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a result of this property, it is used as a novel optogenetic tool in neurophysiological applications.
Structural information is still scant and we present here the ﬁrst resonance Raman spectra of chan-
nelrhodopsin-2. Spectra of detergent solubilized and lipid-reconstituted protein were recorded
under pre-resonant conditions to exclusively probe retinal in its electronic ground state. All-trans
retinal was identiﬁed to be the favoured conﬁguration of the chromophore but signiﬁcant contribu-
tions of 13-cis were detected. Pre-illumination hardly changed the isomeric composition but small
amounts of presumably 9-cis retinal were found in the light-adapted state. Spectral analysis sug-
gested that the Schiff base proton is strongly hydrogen-bonded to a nearby water molecule.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The recently identiﬁed channelrhodopsins ChR1 and ChR2 be-
long to the growing family of type-I rhodopsins which have all-
trans retinal as chromophore surrounded by a scaffold of presum-
ably seven transmembrane helices. Retinal is covalently bound to a
lysine residue (K257 in ChR2 [1]) via a retinal Schiff base (RSB).
After light excitation, the all-trans to 13-cis isomerization of retinal
leads to a cyclic photoreaction [2,3] including conformational
changes of the protein moiety [4,5]. Out of the seven so far identi-
ﬁed rhodopsins from the green alga Chlamydomonas reinhardtii, the
two channelrhodopsins were shown to be involved in phototaxis
[6]. The isolated photoreceptors turned out to function as light-
gated cation-selective channels [7]. This new function of light-in-
duced rhodopsins appears to have great impact on neuroscience
and neuro-medical applications as ChRs are used to trigger enzy-chemical Societies. Published by E
inal Schiff base; FT-IR, Fourier
n; HPLC, high pressure liquid
oline; DM, decyl-maltoside;
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erle).matic reactions by light under strict spatio-temporal control
[8,9]. Hence, the elucidation of the molecular mechanism is of emi-
nent interest to develop and optimize this novel optogenetic tool.
Electrophysiological studies and time-resolved ﬂash photolysis
suggested a chronological order of channel opening and closing
[3]. Recent infrared absorption studies demonstrated the occur-
rence of large conformational changes of the apo-protein after
photoactivation of ChR2 [4,5]. The correlation of the electrophysi-
ological with the Fourier transform infrared spectroscopy (FT-IR)
experiments via the visible data revealed that the large backbone
changes are not the direct indicator of channel opening and closing
as they proceed and succeed ion translocation across the channel,
respectively [4,5]. Thus, ion channel gating is performed by smaller
structural changes that open and close a valve [5]. Despite these
achievements, it is difﬁcult for IR spectroscopy to provide detailed
information on the conformation of the retinal chromophore being
the prime centre that transforms the photonic excitation into a
structural change. The Schiff base linkage of retinal to the apo-pro-
tein is of particular relevance but the frequency of the C@N bond is
in the same range as the amide I vibration where large difference
bands have been observed that occluded the Schiff base vibration.
Detection of the C@N vibration provides the strength of hydrogen
bonding in the binding pocket which is correlated to the acidity of
the Schiff base proton, i.e. the pKa of the RSB. Here, we use
resonance Raman (RR) spectroscopy to characterize the retinallsevier B.V. All rights reserved.
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selectively study the retinal vibrations as the resonance effect en-
hances chromophore vibrations. We chose pre-resonant conditions
to avoid excitation of the photoreaction of ChR2. Several isomeric
forms of retinal are perceived by RR spectroscopy. Additional data
obtained by high pressure liquid chromatography (HPLC) were
consulted showing a mixed composition of retinal isomers in
ChR2 including all-trans, 13-cis and 9-cis retinal.1800
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Fig. 1. Resonance Raman spectrum of ChR2 reconstituted in DMPC and rehydrated
with H2O (top spectrum). For comparison, spectra of detergent-solubilized and
sucrose-stabilized sample (middle spectrum) and of dry DMPC (bottom spectrum)2. Materials and methods
2.1. Expression and reconstitution of ChR2 into lipid membranes
ChR2 was heterologously expressed in the yeast Pichia pastoris
and puriﬁed as previously described [3]. Detergent-solubilized pro-
tein was mixed in a 1:300 molar ratio with dimyristoyl-phosphati-
dyl-choline (DMPC) vesicles (in 20 mM HEPES, 100 mM NaCl, 0.2%
decyl-maltoside (DM, pH 7.4)). After a single-staged addition of
BioBeads SM2 (Bio-Rad) to the sample, the mixture was incubated
for 12–14 h at 4 C under constant stirring. BioBeads were removed
by use of a thin pipette tip and washed with detergent-free buffer.
Reconstituted ChR2 was isolated by centrifugation (15 000g,
20 min, 4 C) and washed twice with detergent-free buffer.
2.2. Resonance Raman spectroscopy
Resonance Raman spectroscopy was performed on a LABRAM
spectrometer (Jobin Yvon, Bensheim, Germany). Brieﬂy, scattering
was induced by directing the 647 nm emission of a Krypton ion la-
ser (Innova 90C, Coherent, Dieburg, Germany) via a microscope
objective (20) to the protein sample. The laser power was
50 mW at the sample (see [5,10] for further details on the spec-
trometer). Samples for resonance Raman experiments were pre-
pared by gently drying about 4 lL either of 2 lM reconstituted
ChR2 (dissolved in 20 mM HEPES, 100 mM NaCl (pH 7.4)) or of
ChR2 suspended in 20 mM HEPES, 100 mM NaCl, 5% sucrose,
0.2% decyl-maltoside (DM) (pH 7.4) on the inner surface of a quartz
cuvette. Subsequently, the sample was rehydrated by vapour diffu-
sion from a bulk reservoir of H2O or D2O, respectively. Temperature
of the sample was controlled and set to 293 K in a closed freezing
stage (THMS600, Linkham, UK). Data points of the Raman spectra
are spaced by 0.5 cm1 with a spectral resolution of about
2 cm1. The vibrational bands were ﬁtted by (sums of) Voigtian
line proﬁles (50% Lorentz and Gauss as provided by OPUS software,
Bruker).
2.3. Extraction of the retinal chromophore from ChR2 and analysis by
high pressure liquid chromatography (HPLC)
The procedure for the extraction of retinal isomers from ChR2
samples was described earlier [11]. The protein samples were pre-
pared in 20 mM HEPES (pH 7.4), 100 mM NaCl, 0.2% DM at a pro-
tein concentration of 2–8 lM. Dark adaptation has been attained
by incubation in darkness for about 36 h. Light adaptation was per-
formed for 10 min using a XBO 75W light source generating emis-
sion at wavelengths larger than 425 nm by the insertion of an
appropriate UV ﬁlter. Extraction of the chromophore of ChR2 was
performed immediately after light excitation. Extraction and all
subsequent steps were done under dim red light. The chromophore
samples were dissolved in a hexane/ethylacetate mixture of 90:10
and injected into a normal phase HPLC Merck LaChrome D-7000
system including a ProntoSIL-OH 120-3 column. The retinal iso-
mers, i.e. 13-cis, 9-cis and all-trans, peaked at 360 nm after 4.15,
4.4 and 4.85 min, respectively.3. Results
3.1. Vibrational modes of the retinal chromophore in ground-state
ChR2
Resonance Raman scattering affords enhancement of the vibra-
tional contributions from the retinal cofactor embedded in ChR2.
Hence, the conﬁguration of the retinal chromophore is selectively
probed whereas contributions of the apo-protein are negligible.
As the visible absorption of ChR2 is maximum at around 470 nm
[4], pre-resonant excitation at 647 nm warrants probing of the
ground state without contributions from photostationary interme-
diates that are inevitably accumulated under rigorous enhance-
ment conditions.
Fig. 1 displays RR spectra of ChR2 solubilized in the detergent
DM (middle trace) and reconstituted in the lipid DMPC (top trace).
To assign the vibrational contributions of the lipid to the RR spec-
trum of reconstituted ChR2, the Raman spectrum of pure DMPC is
also shown which has been recorded under identical conditions.
Vibrational bands at 1736 cm1 (carbonyl stretch of the lipid ester
bond [12]), 1440 cm1 (methylene scissoring), at 1125 and
1061 cm1 (all-trans C–C stretching) and at 1088 cm1 (C–C
stretching of gauche modes) lead to clearly discernible spectral
contributions to the RR spectrum of ChR2 but leaves spectral win-
dows open in crucial regions of the retinal spectrum.
The assignment of the retinal bands to molecular vibrations is
based on the comparison with RR studies on bacteriorhodopsin
(BR). The most intense scattering signal appears at 1551 cm1
which corresponds to the symmetric C@C stretching mode of
the chromophore [13]. The frequency of 1551 cm1 matches to
the visible absorption maximum at 470 nm based on the well-
established correlation of mC@C and kmax [14]. The C@C stretch of
retinal (and the C@N stretch of the Schiff base at 1657 cm1, vide
infra) are invariant towards the exchange from lipid to detergent
(Fig. 2). We infer from this observation that the structure of the
retinal binding pocket of ChR2 is not altered by solubilization
with DM.
The weak band at 1657 cm1 is assigned to the C@N stretching
vibration of the protonated RSB [13]. The frequency of 1657 cm1are also depicted.
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Fig. 2. Resonance Raman spectra of reconstituted ChR2 rehydrated with H2O (top,
replotted from Fig. 1) or with D2O (bottom). The C@N–H and the C@N–D vibrational
bands were magniﬁed 6-fold and ﬁtted by Voigtians (insets).
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microbial rhodopsins (Table 1). The band is strongly inﬂuenced
by H/D exchange as documented by a remarkable shift of
28 cm1 down to 1629 cm1 (insets to Fig. 2). Furthermore, the
band changed full width at half-maximum (FWHM) from
19 cm1 to 13 cm1 as determined by ﬁtting with Voigtian line
shapes (Fig. 2, insets). The band at 1270 cm1 is due to the CCH
in-plane rocking vibration of vinyl hydrogens [13]. The strong sig-
nal at 1001 cm1 corresponds to the in-plane rocking vibration of
two methyl-groups at position C9 and C13 of the retinal chain
[13]. Bands appearing at 845 and 823 cm1 are assigned to HOOP
modes (hydrogen-out-of-plane). RR spectra of halobacterial rho-
dopsins exhibited a marker band at around 800 cm1 which indi-
cated the presence of 13-cis retinal [15]. As shown in Fig. 1, this
region is congested by contributions from non-resonant Raman
scattering of the lipid or the detergent. Hence, the detection of this
marker band is not feasible under the pre-resonant conditions ap-
plied here.
The conformation of retinal is best identiﬁed in the ﬁngerprint
region (1250 and 1100 cm1) where the C–C stretching vibrations
absorb. The band pattern in this region provides evidence for a pre-
dominantly all-trans chromophore with a characteristic band at
1200 cm1. Contributions of 13-cis retinal are detectable by the
appearance of a Raman band at 1183 cm1 [15]. Upon H/D ex-
change, this band is reduced in intensity and slightly up-shifted
by 3 cm1. Such a behavior is typical to the anti-conﬁguration of
the lysine side chain relative to the C@N bond of the retinal Schiff
base in the 13-cis state [16].Table 1
Frequencies of Schiff base vibrations and their H/D isotopic shifts analyzed in the following m
SRI, respectively), proteorhodopsin (PR), gloeobacter rhodopsin (GR), bacteriorhodopsin (B
Protein Organism Function kmax (nm
ChR2 C. reinhardtii Channel/sensor 470
SR II H. salinarum Sensor 487
SR II Natronobacterium pharaonis Sensor 497
PR c-Proteobacteria Pump 518
GR Gloeobacter violaceus Pump 543
BR H. salinarum Pump 568
HR H. salinarum Pump 578
SR I H. salinarum Sensor 587
a This work.
b The actual position of this band may be slightly different because of the distortion g3.2. Light adaptation
Dark-adapted BR contains about 50% [17,18], 55% [19], 60% [20],
or 66% [11,21] of 13-cis isomer depending on the experimental
conditions. This spontaneous trans–cis isomerization is reverted
upon illumination which drives retinal entirely into the all-trans
conﬁguration. We studied the effect of pre-illumination on ChR2
(light adaptation) by RR spectroscopy. It turned out that in contrast
to BR [15], the band of the C@C stretching vibration did not change
shape signiﬁcantly (see Fig. 3, left panel). Band ﬁtting revealed the
contribution of a band at 1557 cm1 (Fig. 3, left panel). This band
indicates the presence of 13-cis retinal because the frequency is
characteristically blue-shifted by 7 cm1 with respect to the band
at 1550 cm1 of the C@C stretch of all-trans retinal. Upon pre-illu-
mination, the relative contribution of 13-cis retinal (integrated area
of the band at 1557 cm1) only slightly increases as compared to
all-trans retinal (area of the band at 1550 cm1). Fig. 3 also includes
a band at 1537 cm1 which we cannot assign at the present stage.
Its relative contribution is rather invariant to light adaptation.
The relative band intensities at 1200 and 1183 cm1 were
weakly changed if ChR2 in the dark (upper trace in Fig. 3, right pa-
nel) was compared to ChR2 illuminated immediately before the
measurement (bottom trace). The ratio of the integral peak area
of the band at 1200 to that of 1183 cm1 weakly increased upon
illumination. These minor alterations in the ﬁngerprint region in-
duced by light adaptation clearly contrasted to those observed in
BR [13]. We conclude from the RR spectra that light adaptation
of ChR2 did not lead to large changes in the isomeric composition
of retinal.
The RR results agree with chromophore extraction and subse-
quent chromatographic separation by HPLC. These experiments
provided evidence for an approximate 30:70 ratio of 13-cis to all-
trans retinal in dark-adapted ChR2. The relative contribution of
13-cis retinal increased slightly and an additional peak appeared
after light adaptation. We assigned this peak to 9-cis retinal based
on the characteristic retention time which is in between all-trans
and 13-cis retinal [11,22]. Thus, the isomeric composition of
light-adapted ChR2 was calculated by integration of the peak areas
to about 5:30:65 of 9-cis:13-cis:all-trans retinal. Vibrational bands
of the 9-cis chromophore could not be detected in our Raman
experiments because of the weak enhancement under the applied
resonance conditions.
4. Discussion
The present RR spectroscopic study resolved the conformation
of the retinal chromophore in ground-state ChR2. The C@C stretch-
ing vibration which is the strongest band in RR spectra of most rho-
dopsins, was assigned to the band at 1551 cm1. This agrees well
with the frequency observed in sensory rhodopsin II (SRII) fromicrobial rhodopsins: channelrhodopsin-2 (ChR2), sensory rhodopsins I and II (SRI and
R), and halorhodopsin (HR).
) mC@N–H (cm1) DH/DC@N–H (cm1) Hydrogen bonding
1657a 28 Very strong
1657 [10] 23 Very strong
1650 [31] 25 Very strong
1654 [23]
1651 [25]
23
22
Very strong
1650 [30]b 26 Very strong
1641 [32] 17 Strong
1635 [33] 12 Weak
1628 [27] 8 Very weak
iven by minor contribution of the protein amide I vibrations at 1660 cm1 [30].
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Fig. 3. Ethylenic modes (left panel) and ﬁngerprint bands (right panel) in the
resonance Raman spectra of reconstituted ChR2 in the dark-adapted (upper
spectrum) or light-adapted state (bottom spectrum). Spectra were ﬁtted to a sum
of Voigtians in the two frequency regions. RR spectra were scaled to the scattering
intensity of the band at 1200 cm1.
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Fig. 4. Resonance Raman (RR) spectrum of ChR2 (bottom spectrum replotted from
Fig. 1, top) opposed to the light-induced FT-IR difference spectrum (top spectrum,
taken from [5]). Vertical dashed lines indicate retinal bands that characterize
ground-state ChR2.
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posed of contributions from all-trans and 13-cis retinal. Spectral
analysis of the ethylenic mode and the ﬁngerprint region (Fig. 3)
together with retinal extraction studies clearly indicated that all-
trans retinal is the predominant isomer of ChR2 expressed in the
yeast P. pastoris. This result agrees with the ﬁnding by Hegemann
et al. who reported that all-trans retinal is the functional chromo-
phore for phototactic response of Chlamydomonas in vivo [24].
Light adaptation leads to a slight increase in 13-cis content to-
gether with minor amounts of 9-cis retinal. Such behavior is oppo-
site to what was observed for BR where all-trans retinal is formed
exclusively after light adaptation [17]. Yet, the increase in 13-cis
content is in accord with retinal extraction analysis of the micro-
bial rhodopsins SRII and proteorhodopsin (PR), where even higher
contents of 13-cis retinal were determined after light adaptation
[25,26].
The frequency of the C@N–H band of the RSB provided insights
into the structure of the retinal binding pocket. The high frequency
of 1657 cm1 is the same as that of SRII and slightly higher than in
cyanobacterial rhodopsin (gloeobacter rhodopsin, GR) or in prote-
orhodopsin (PR from marine bacteria, Table 1). The frequency
downshift induced by H/D exchange was strongest in ChR2. The
downshift represents a measure for the strength of hydrogen
bonding because the vibrational mode is based on the coupling be-
tween the N–H bending and the C@N stretching vibration. The
stronger this coupling, the higher is the frequency of the C@N–H
vibration [27]. As compared to SRII, GR and PR, the H-bond of the
RSB is strongest in ChR2 (Table 1). Moreover, the correlation of kmax
of the visible absorption to the frequency of the C@N–H vibration
of their RSB (Table 1) reﬂects that H-bonding of the Schiff base is
a molecular determinant involved in the opsin shift. Thus, the
inclusion of the vibrational data of the new microbial rhodopins al-
lows us to substantiate the argument derived by the Mathies group
which was based on the few known halobacterial rhodopsins at
that time [27].H/D exchange not only down-shifted the C@N vibration but also
sharpened the band width from 19 cm1 (FWHM) in H2O to
13 cm1 in D2O. Such behavior is indicative for the presence of a
water molecule that acts as H-bonding acceptor to the RSB [28].
Water molecules in the binding pocket are supposed to stabilize
the conﬁgurational and conformational structure of the retinal
[13,28,29].
The present resonance Raman spectra complement the vibra-
tional analysis of the previously published infrared absorption
spectra [4,5] in order to assign the retinal modes in the light-in-
duced FT-IR difference spectrum. Direct comparison of the reso-
nance Raman (Fig. 4, bottom spectrum) and the FT-IR difference
spectrum of the long-lived P4 intermediate and ground-state
ChR2 (top spectrum), clearly assigns the negative bands at 1203
and 1184 cm1 to C–C stretching modes of retinal that change
bond strength in the P4 state. Oppositely, the RR band at
1270 cm1 which was assigned to CCH in-plane rocking vibrations
did not lead to a corresponding band in the FT-IR difference spec-
trum showing that these vibrations do not change upon light-
excitation.
On the basis of the exact match to the strong Raman band of the
C@C stretching vibration, the FT-IR difference band at 1554()/
1545(+) cm1 can now be assigned to changes of the ethylenic
structure of the delocalized electron system of retinal upon light
excitation. Because difference bands due to amide II mode of the
protein backbone may also account for absorption in this region,
the explicit assignment to chromophore modes is straightforward
only by the comparison to the Raman spectra.
Difference bands in the amide I region (()1662/(+)1649 cm1)
of the FT-IR difference spectrum indicated the occurrence of large
conformational changes of the protein backbone. These large dif-
ference bands obscured the detection of C@N–H stretching mode
of the RSB by IR spectroscopy. Only RR spectroscopy resolved this
important marker band because other bands of retinal do not scat-
ter in this high frequency range.
In conclusion, the present RR spectroscopic data provided
molecular information on the retinal structure of ground-state
ChR2 with a focus on the H-bonding environment of the proton-
ated RSB. As we are just at the beginning of elucidating the reaction
mechanism of ChR2 of which the chromophore is instrumental, it
is mandatory that RR experiments will be performed on photocycle
intermediates. Consequently, a comprehensive view may eventu-
ally emerge on the molecular mechanism that drive opening and
closing of the channeling pore. Thus, channelrhodopsin will serve
as a model system to elucidate the molecular mechanism of the
3680 M. Nack et al. / FEBS Letters 583 (2009) 3676–3680large class of ion channels via the option of triggering the channel’s
activity by light.
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